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The experimental parameter ranges needed to generate superfluidity in optical and drag experiments in GaAs
double quantum wells are determined, using a formalism that includes self-consistent screening of the Coulomb
pairing interaction in the presence of the superfluid. The very different electron and hole masses in GaAs make
this a particularly interesting system for superfluidity, with exotic superfluid phases predicted in the BCS-BEC
crossover regime. We find that the density and temperature ranges for superfluidity cover the range for which
optical experiments have observed indications of superfluidity, but that existing drag experiments lie outside
the superfluid range. However we also show that for samples with low mobility with no macroscopically con-
nected superfluidity, if the superfluidity survived in randomly distributed localized pockets, standard quantum
capacitance measurements could detect these pockets.
While Bose Einstein Condensation (BEC) and the BCS-
BEC crossover phenomena in superfluidity have been exten-
sively studied for ultracold Fermi atoms[1–3], it is proba-
ble that practical applications will instead be based on super-
fluidity in solid state devices. Existence of superfluidity in
coupled atomically-flat layers in semiconductor heterostruc-
tures has been theoretically predicted[4, 5], while recent ob-
servations of dramatically enhanced tunneling at equal den-
sities in electron-hole double bilayer sheets of graphene[6,
7] and in double monolayers of transition metal dichalco-
genide monolayers[8, 9] are strong experimental indications
for electron-hole condensation[10].
Electron-hole superfluidity and the BCS-BEC crossover
was first proposed for an excitonic system in a conventional
semiconductor heterostructure of double quantum-wells in
GaAs[11]. This was based on extensions of earlier work on
exciton condensation[12–15]. To block electron-hole recom-
bination, Refs. 14, 15 proposed spatially separating the elec-
trons and holes in a heterostructure consisting of two layers
separated by an insulating barrier.
Superfluidity in GaAs quantum-wells differs in significant
ways from superfluidity in coupled atomically-flat layers. The
large band gap in GaAs eliminates the multicondensate effects
and multiband screening that are important in graphene[16],
and the low-lying conduction and valence bands are nearly
parabolic, and not dependent on gate potentials.
However it is the widely different electron and hole effec-
tive masses that provides the most dramatic contrast of super-
fluidity in GaAs compared with superfluidity in other solid
state devices. In GaAs the masses differ by a large factor: we
take m?e = 0.067me and m
?
h = 0.3me. Not only does this
have significant consequences for the superfluid properties
[17], but also for the screening responses of the electrons and
holes, which are significantly different from the equal mass
case. In ultracold atomic gases, Dy-K Fermi mixtures have
been used to explore the physics of mass-imbalanced strongly
interacting Fermi-Fermi mixtures[18].
The large mass difference makes double quantum wells in
GaAs a solid state system uniquely suitable for generating and
enhancing exotic superfluid phases that span the BCS-BEC
crossover[19]. Such phases can also be expected in mass-
imbalanced ultracold atomic gas Fermi mixtures[20], but only
at currently inaccessible temperatures[21], Tc . 50 nK. The
phases include the Fulde-Ferrell-Larkin-Ovchinnikov (FFLO)
phase[22] and the Sarma phase with two Fermi surfaces
(breached pair phase)[23]. For GaAs, our estimates for tran-
sition temperatures to the FFLO phase are readily accessible
experimentally, Tc ∼ 0.2 - 0.5 K. Potentially even more ex-
citing is the possibility of a Larkin-Ovchinnikov supersolid
phase when the masses are unequal[24, 25].
For these reasons, experimental realization of superfluidity
in GaAs quantum wells is of great interest. A major challenge
facing experiments is that electron-hole superfluidity in dou-
ble layer systems is exclusively a low density phenomenon,
because strong screening of the long-range Coulomb pairing
interactions suppresses superfluidity above an onset density
n0, and this is low[4, 16, 26, 27]. Nevertheless, there are re-
ports suggesting possible experimental signatures of electron-
hole superfluid condensation in GaAs double quantum-wells.
Some signatures are based on optical observations of indirect
exciton luminescence[28–31], while others are based on trans-
port measurements of Coulomb drag[32, 33].
In this paper we map out the parameter space for GaAs
double quantum well heterostructures to determine where
electron-hole superfluidity is favored. Important parameters
are the widths w of the quantum wells, the thickness tB of
the AlxGa1−xAs insulating barrier, the densities in the wells
n (assumed equal), and any perpendicular electric fields. The
distance between the peaks of the density distributions of the
electrons and holes must be calculated, and is usually not sim-
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2ply the distance between the centers of the quantum wells. By
establishing the parameter ranges expected for superfluidity,
we are able to provide independent corroborative support for
the reported experimental signatures suggesting superfluidity.
Existing optical experiments generally use samples with
quantum wells and barriers which are narrower than in sam-
ples for transport measurements. A major reason is that a
problem arises for transport with the narrower wells from in-
terface roughness scattering caused by Al atoms in the insulat-
ing barrier diffusing into the well regions. Interface roughness
scattering dramatically reduces the mobility, which is an es-
sential consideration for transport measurements. Also, in op-
tical measurements, electron-hole pairs are optically excited
in a quantum well and then spatially separated across the bar-
rier by means of a perpendicular electric field. Thus barriers
are generally thinner than those for transport experiments, so
the coupling of the electron-hole pairs tends to be stronger for
optical measurements.
For the optical experiments we consider the samples from
Refs. 28–30, with 8 nm GaAs quantum wells separated by a
4 nm barrier of AlxGa1−xAs, and Ref. 31 with 12 nm wells
and a 1.1 nm AlAs barrier. Techniques to optically identify
macroscopic spatial coherence were: the appearance in photo-
luminescence measurements of bright localized spots with en-
hanced luminescence at fixed points on the sample[28], abrupt
appearance of a sharp inter-well exciton line in the photolumi-
nescence spectra[31], an abrupt increase in the amplitude of
interference fringes using a Mach-Zehnder interferometer[29]
indicating a strong enhancement of the exciton coherence
length, and the quenching of photoluminescence emission as a
manifestation of optically-dark exciton condensation[30]. In-
dications of coherent condensation were observed at tempera-
tures of a few Kelvin at carrier densities of a few 1010 cm−2.
From the samples used in the Coulomb drag
experiments[32, 33], we examine the narrowest 15 nm
wells with the thinnest 10 nm Al0.9Ga0.1As barrier (see
Fig. 1). References 32, 33 observed a jump in the drag
transresitivity around temperatures T ∼ 0.2 - 1 K. A sudden
jump can be a signature of a superfluid transition[34], but
the observed deviations were not monotonic, sometimes
even changing sign, so any signature of condensation was
ambiguous.
We start with the Hamiltonian,
H=
∑
`k
ξ`kc
`†
k c
`
k +
∑
``′,q,
k,k′
V ``
′
k−k′c
`†
k+ q2
c`
′†
−k+ q2 c
`
−k′+ q2 c
`′
k′+ q2
,(1)
where c`†k and c
`
k are creation and destruction operators with
label ` = e (h) for electrons (holes) in their respective quan-
tum wells, and ξ`k = k
2/(2m?` ) − µ` are the single-particle
energy band dispersion, with chemical potentials µ`. While
spin-orbit interactions[37] are in general important for the
hole bands in GaAs, here they can be neglected because nar-
row wells suppress Rashba and Dresselhaus interactions due
to the large light-hole heavy-hole splitting. Furthermore, the
electric fields across the well are small and the hole densities
Figure 1. (Color online). Conduction and valence bands for a sample
from Ref. 32 in the presence of gate potentials and a bias between the
wells[35], as obtained using a self-consistent Poisson-Schro¨dinger
solver[36]. Quantum well widths: w = 15 nm and Al0.9Ga0.9As
barrier thickness: tB = 10 nm. Dashed green line: Fermi level
EF . Vertical dotted lines mark the centers of the wells. φe(z)
and φh(z) are the resulting electron and hole single-particle wave-
functions confined in the wells. Note that the separation of the peaks
in the φe(z) and φh(z) is larger than the distance between the centers
of the two wells.
of interest are low. The V ``
′
k−k′ are the bare Coulomb interac-
tion potentials between electrons and holes confined in finite
width wells ` and `′. The full expressions for V ``
′
k−k′ are found
in Sec. S1 of the supplementary material[38].
The mean-field equations at zero temperature for the su-
perfluid gap ∆k and the average chemical potential µ =
(µe + µh)/2, for equal electron and hole densities n are,
∆k = − 1
A
∑
k′
V sck−k′
∆k′
2Ek′
, (2)
n =
2
A
∑
k
(vk)
2 , (3)
where A is the sample surface area, Ek =
√
ξ2k + ∆
2
k with
ξk =
1
2 (ξ
e
k + ξ
h
k), and the Bogoliubov coherence factors are,
u2k =
1
2
(
1 +
ξk
Ek
)
; v2k =
1
2
(
1− ξk
Ek
)
. (4)
V scq is the static screened electron-hole Coulomb interaction
in the superfluid state for momentum transfer q, evaluated
within the Random Phase Approximation (RPA) for electrons
and holes of unequal masses. The superfluid energy gap ∆
near the Fermi surface blocks excitations from the Fermi sea
with energies less than ∆. This weakens the effect of screen-
ing, since low-lying excitations are those needed to screen the
long-range Coulomb interactions. The small-q suppression
of screening leads to strong electron-hole pairing peaked at
small-q, and this can lead to large superfluid gaps. The ex-
3Figure 2. (Color online). ∆max is maximum value of zero-T
momentum-dependent superfluid gap as a function of n, the equal
electron and hole densities. Dash-dot green line: w = 8 nm and
tB = 4 nm (sample: Refs. 28–30); dotted red line: w = 12 nm and
tB = 1.1 nm (sample: Ref. 31) . The horizontal green bar indicates
the density range over which anomalous behavior was observed in
Refs. 28–30.
pressions for V scq are given in Sec. S2 of the supplementary
material[38].
For a quasi-two-dimensional system, the superfluid transi-
tion is a topological transition associated with the Berezinskii-
Kosterlitz-Thouless (BKT) transition temperature[39] which
depends only on the superfluid stiffness ρs(T )[40]: TBKT =
(pi/2)ρs(T
BKT ). Provided TBKT  ∆(T=0), which is the
case here, TBKT ' n [pi~2/(8(m?e +m?h))].
Figure 2 shows ∆max, the maximum of the zero-T
momentum-dependent gap ∆k determined from Eq. (2), as
a function of n, the equal electron and hole densities for the
GaAs heterostructures used for the optical observations[28–
31]. Figure 2 illustrates that electron-hole superfluidity is a
low-density phenomenon: at higher densities, strong screen-
ing greatly weakens the electron-hole coupling, leading to
∆max of, at most, only a few mK[4, 41]. In a real system, such
small ∆max would be destroyed by disorder. As the density
is reduced to n0, the onset density, ∆max jumps to energies
& 5 K. This is a self-consistent effect since large gaps weaken
the screening. In Fig. 2, the onset densities are relatively high,
n0 ∼ 6 - 7×1010 cm−2, thanks to the narrow wells and barri-
ers of the samples in these experiments. The range of densities
at which anomalous behavior was observed in Refs. 28–30 is
indicated as the green bar on the figure. We note that this lies
within the density range for which we predict superfluidity.
This adds independent credence that the observed anomalous
behavior is indeed associated with superfluidity. We find the
maximum Berezinskii-Kosterlitz-Thouless transition temper-
ature is a few Kelvin. Further details of properties associated
with the crossover phenomenon from the weakly-interacting
Figure 3. (a) ∆max is maximum value of zero-T momentum-
dependent superfluid gap as a function of n, the equal electron and
hole densities. Solid black line: w = 15 nm and tB = 10 nm (sam-
ple: Ref. 32); dash-dot green line: w = 7 nm and tB = 8 nm; dotted
red line: w = 10 nm and tB = 5 nm. (b) Corresponding inverse of
total capacitance C−1m as a function of density n for homogeneous
system.
(
CNm
)−1
is inverse of total capacitance in normal state.
BCS to the strongly-interacting BEC superfluid regimes for
the experimental samples in Refs. 28–30, can be found in Sec.
S3 of the supplementary material[38].
As we have discussed, to get high enough mobilities
to avoid localization and allow transport studies, the wells
and the barriers need to be wider for the transport drag
measurements[32, 33] compared with the samples for the op-
tical measurements. We see in Fig. 3a, showing ∆max as a
function of n, that for well widths w = 15 nm and barrier
thickness tB = 10 nm, the onset density, n0 ∼ 0.5 × 1010
cm−2, is an order of magnitude smaller than for the optical
measurements. Since the lowest density attained in the drag
experiments, was n & 4 × 1010  n0, we conclude that the
anomalous behavior reported in the drag experiments is most
probably not an indication of a superfluid transition.
Figure 3a shows the onset density could be markedly in-
creased to reach the minimum densities attained in Ref. 32,
by relatively minor reductions in w and tB . However, inter-
4Table I. A: A double quantum well structure from Ref. 32; B: same
structure, calculated without band bending; C: same structure, cal-
culated neglecting finite width of the quantum wells; D: A double
quantum well structure with wells of the same dc.
w are the quantum well widths, tB the barrier thickness, dc the dis-
tance between centers of the two wells, dp the distance between the
peaks of the electron and hole density distributions, n0 the superfluid
onset density with r0 the corresponding average inter-electron spac-
ing, ∆¯ the maximum value of the superfluid gap across all densities,
and TBKT the maximum superfluid transition temperature.
w
(nm)
tB
(nm)
dc
(nm)
dp
(nm)
n0(1010
cm−2)
r0/dp ∆¯
(K)
TBKT
(K)
A 15 10 25 27 0.5 3.0 4.9 0.1
B 15 10 25 25 0.8 2.5 6.2 0.3
C 15 10 25 25 1.0 2.3 8.3 0.4
D 10 15 25 29 0.4 3.1 4.0 0.1
face roughness scattering increases rapidly as the well is made
narrower, resulting in samples with very low mobilities. Nev-
ertheless, even if no macroscopically connected superfluid re-
mained, superfluidity may well survive in pockets randomly
distributed along the quantum wells. Such pockets of super-
fluidity could be detected using capacitance spectroscopy[42].
In capacitance spectroscopy, a low frequency ac voltage is
delivered to a top gate with the quantum wells grounded. The
total capacitance Cm = (C−1g + C
−1
Q )
−1 between the gate
and quantum wells is measured. Cg is the classical geometry
capacitance per unit area which depends only on the sample
structure. CQ = e2∂n/∂µ is the quantum capacitance and
is proportional to the density of states. For a 2D system in
the normal state CNQ = (1/A)[e
2m∗/(pi~2)], inversely pro-
portional to the sample area. For a pocket of superfluidity of
area A′ ≤ A, the quantum capacitance is,
CSQ =
1
A′
[
e2
∑
k
δ(µ− F ) + 4e2
∑
k
u2kv
2
k
Ek
]
. (5)
CSQ < C
N
Q , because of the gap in the low-lying energy
spectrum[42, 43].
Figure 3b shows for a homogeneous system with well
widths w = 10nm and barrier thickness tB = 5nm, the
inverse of the total capacitance C−1m as a function of den-
sity. From Fig. 3a, the onset density for superfluidity is
n0 ∼ 4 × 1010 cm−2. CNm is the corresponding total capac-
itance in the normal state. The onset of superfluidity is char-
acterised by a jump in C−1m at n0, and C
−1
m monotonically
increases as the density is further decreased. For the inhomo-
geneous system with pockets of superfluid of total areaA′, the
behavior would be similar, but the jump in C−1m at n0 would
be reduced by an amount proportional to (A′/A).
Table I shows the effects on the superfluid properties of
band bending and the finite width of the quantum wells for
a samples from Ref. 32. We saw in Fig. 1 that band bending
pushes the peaks of the electron and hole density distributions
(dp) further apart than the distance between the centers of the
wells (dc). The effect of this in weakening the superfluidity
can be seen by compared rows A and B. In B, band bend-
ing has been neglected. The finite thickness of the wells also
weakens the superfluidity, as can be seen by compared row A
with row C, calculated neglecting the well width. For a fixed
distance between the centers of the wells, narrower wells with
a thicker barrier also weaken the superfluidity, a combined ef-
fect of banding bending and the gate potentials[35]. This is
seen by comparing rows A and D. The ratio r0/dp, where r0
is the average spacing of the electrons at the superfluid onset
density n0, is a useful indicator of the effect of the heterostruc-
ture parameters on n0. The table shows that n0 occurs for a
value of the ratio r0/dp ∼ 2.5 - 3. For smaller r0, the screen-
ing is too strong and the superfluidity cannot overcome it.
The unusually large effective mass difference between elec-
trons and holes in GaAs makes experimental realization of
superfluidity in GaAs double quantum wells a particularly
worthwhile goal, likely to reveal intriguing new physics.
While in principle this physics can also be investigated with
ultracold atoms of different masses, the exotic superfluid
phases are predicted for the ultracold atom system only be-
low nanoKelvin temperatures, whereas for GaAs the transi-
tion temperatures are a few Kelvin. The primary reason it
has proved so difficult to observe superfluidity in GaAs is that
the phenomenon only occurs at low densities, due to strong
screening at higher densities of the long-range Coulomb pair-
ing interactions. Screening kills superfluidity above an onset
density. To generate superfluidity in GaAs at accessible ex-
perimental densities requires narrow quantum wells and thin
barriers that have been impractical for transport experiments
because of the very low mobility of the samples. However,
we show that inhomogeneous pockets of superfluidity could
be detected in samples of low mobility using standard ca-
pacitance measurement techniques. Finally, our calculations
confirm that superfluid condensation of optically generated
electron-hole pairs is indeed feasible with existing experimen-
tal samples.
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SUPPLEMENTARY MATERIAL
EXPERIMENTAL CONDITIONS FOR OBSERVATION OF
ELECTRON-HOLE SUPERFLUIDITY IN GAAS
HETEROSTRUCTURES
BARE COULOMB INTERACTIONS
The V ``
′
k−k′ are the bare Coulomb interaction potentials be-
tween electrons and holes confined in wells ` and `′, respec-
5tively,
V ``k−k′ =
2pie2

1
|k− k′|F
``
k−k′ ;
V ` 6=`
′
k−k′ = −
2pie2

e−d|k−k
′|
|k− k′| F
``′
k−k′ . (S1)
V ``k−k′ is the bare intralayer interaction and V
` 6=`′
k−k′ the bare in-
terlayer interaction. We take the dielectric constant for GaAs
and Al0.9Ga0.9As as  = 12.9. we consider only wells of
equal width w, separated by a Al0.9Ga0.9As insulating barrier
of thickness tB . We express lengths in units of the effective
Bohr radius, a∗B = ~24pi0/(m∗e2) = 12.5 nm for GaAs,
and energies in effective Rydbergs, Ry∗ = e2/(2a∗B) = 4.5
meV = 52 K for GaAs. m∗ is the reduced effective mass.
The form-factors in Eq. (S1),
F ``
′
q =
∫ ∞
−∞
dz
∫ ∞
−∞
dz′|φ`(z)|2|φ`′(z′)|2 exp(−q|z− z′|), (S2)
account for the confinement of the electrons and holes in their
finite-width quantum wells. φ`(z) is the wave-function of the
electron or hole (see Fig. 1 of main text). The φ`(z) are evalu-
ated numerically using a self-consistent Poisson-Schro¨dinger
solver[36]. They are sensitive to the self-consistent conduc-
tion and valence bands, and to the voltages on the front and
back gates that are used to independently tune the populations
in the well. The φ`(z) are also sensitive to any external
interlayer bias. In the optical measurements, an electric field
across the barrier spatially separates the optically generated
electrons and holes into opposite wells, while in the transport
drag measurements a bias is used to offset the different elec-
trochemical potentials of the holes and electrons[32, 33, 44].
SCREENED COULOMB INTERACTION IN SUPERFLUID
STATE
In the normal state, the static screened electron-hole
Coulomb interaction evaluated within the Random Phase Ap-
proximation (RPA) for electrons and holes of unequal masses
is[45],
V scq =
V ehq
[1−V eeq Πe0(q)][1−V hhq Πh0 (q)]− [V ehq ]2Πe0(q)Πh0 (q)
(S3)
where
Π`0(q) = 2
∑
k
fFD(ξ
`
k−q)− fFD(ξ`k)
ξ`k−q − ξ`k
(S4)
is the Lindhard particle-hole polarization in well `. fFD(x) is
the zero-T Fermi-Dirac distribution function.
In the superfluid state, the expression for the static RPA electron-hole Coulomb interaction V scq is different[41, 46, 47],
V scq =
V ehq + Πa(q)[V
ee
q V
hh
q − (V ehq )2]
1−Πn(q)[V eeq + V hhq ] + 2V ehq Πa(q) + [V eeq V hhq − (V ehq )2][Π2n(q)−Π2a(q)]
, (S5)
where Πn(q) is the normal polarizability, modified from the polarizabilities in Eq. (S4) for the normal state by the presence of
the superfluid gap in the energy spectrum,
Πn(q) = 2
∑
k
[
u2ku
2
k−q
fFD(E
+
k−q)− fFD(E+k )
E+k−q − E+k
+ v2kv
2
k−q
fFD(E
−
k−q)− fFD(E−k )
E−k−q − E−k
− u2kv2k−q
1− fFD(E−k−q)− fFD(E+k )
E−k−q + E
+
k
− v2ku2k−q
1− fFD(E+k−q)− fFD(E−k )
E+k−q + E
−
k
]
,
(S6)
with E±k = Ek ± δξk and δξk = 12 (ξek − ξhk), and Πa(q) is the anomalous polarizability [4, 41],
Πa(q) = 2
∑
k
ukvk−qvkuk−q
[
fFD(E
+
k−q)− fFD(E+k )
E+k−q − E+k
− fFD(E
−
k−q)− fFD(E−k )
−E−k−q + E−k
+
1− fFD(E−k−q)− fFD(E+k )
E−k−q + E
+
k
+
1− fFD(E+k−q)− fFD(E−k )
E+k−q + E
−
k
]
.
(S7)
In the normal state, Πa(q) = 0. Eqs. (S5-S7) are complicated
by the fact that, because of their difference in mass, electrons
and holes respond differently to an external electric field. The
net result is qualitatively similar to the equal mass case: the
6full polarization, Π0(q) = Πn(q) + Πa(q), is suppressed at
small momentum transfer q by the presence of the gap ∆ in
the energy spectrum[48, 49]. At q = 0, the cancellation of
Πn(0) with Πa(0) is exact for any non-zero ∆.
Figure S1. (Color online). (a) Condensate fraction c as a function
of equal electron and hole densities n, for a double quantum well in
GaAs with well widths w = 8 nm and barrier thickness tB = 4 nm.
The superfluid onset density is n0 = 6.3 × 1010 cm−2. (b) Corre-
sponding chemical potential µ. (c) Corresponding intrapair correla-
tion length ξ, scaled to the effective Bohr radius.
CONDENSATE FRACTION, CHEMICAL POTENTIAL AND
INTRAPAIR CORRELATION LENGTH
The phenomenon of the superfluid BCS to BEC crossover
regimes can be characterized by the condensate fraction c, the
fraction of carriers bound in pairs[50, 51]. For c ≤ 0.2 the
superfluid condensate is in the BCS regime, for 0.2 < c < 0.8
in the crossover regime, and for c ≥ 0.8 in the BEC regime.
In Fig. S1(a) we see, for a sample with well widths w = 8 nm
and barrier thickness tB = 4 nm, the condensate fraction c
as a function of density. The figure shows that the superfluid-
ity is essentially always confined to the crossover regime. At
the threshold density n0 ∼ 6.3 × 1010 cm−2, c jumps from
zero to 0.3, implying that the superfluid is immediately in the
crossover regime. This is because strong screening kills the
superfluidity in the BCS regime. It is also difficult for the sys-
tem to enter the BEC regime at low densities, a consequence
of the large mass difference: even for pairs compact on the
scale of the interparticle spacing, the electrons and holes in
the pairs can still respond and screen an electric field.
Fig. S1(b) and (c) show as a function of density, the chemi-
cal potential µ and the intrapair correlation length ξ, defined as
the radius of an isolated electron-hole bound pair[52]. Above
the onset density, the system is in the normal state and µ is
equal to the Fermi energy. µ suddenly drops at the onset den-
sity, but it only reaches negative values, corresponding to the
deep BEC regime, in the limit of extreme low density. Simi-
larly, ξ only drops to the effective Bohr radius a?B , correspond-
ing to the deep BEC regime, in the low density limit.
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